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ABSTRACT

A major controversy in the area of DNA biochemistry
concerns the actual in vivo levels of oxidative
damage in DNA. We show here that 8-oxo-2-deoxy-
guanosine (0x08dG) generation during DNA isolation
is eliminated using the sodium iodide (Nal) isolation
method and that the level of 0x08dG in nuclear DNA
(nDNA) is almost one-hundredth of the level obtained
using the classical phenol method. We found using
Nal that the ratio of oxo8dG/10° deoxyguanosine (dG)
in nDNA isolated from mouse tissues ranged from
0.032 + 0.002 for liver to 0.015 + 0.003 for brain. We
observed a significant increase (10-fold) in 0x08dG in
nDNA isolated from liver tissue after 2 Gy of y-irradia-
tion when Nal was used to isolate DNA. The turnover
of oxo8dG in nDNA was rapid, e.g. disappearance of
oxo8dG in the mouse liver in vivo after y-irradiation
had a half-life of 11 min. The levels of 0x08dG in mito-
chondrial DNA isolated from liver, heart and brain
were 6-, 16- and 23-fold higher than nDNA from these
tissues. Thus, our results showed that the steady-
state levels of 0x08dG in mouse tissues range from
180 to 360 lesions in the nuclear genome and from
one to two lesions in 100 mitochondrial genomes.

INTRODUCTION

The observation that oxidative damage to DNA occurs in vivo
was a major discovery because it demonstrated that DNA
damage could occur endogenously as a consequence of normal
metabolism (1-3). Currently, over 100 oxidative DNA lesions
have been characterized (4,5). The 8-oxo-2-deoxyguanosine
(0x08dG) lesion has been studied most extensively because it
is the major oxidative lesion (0x08dG accounts for ~5% of the

total oxidized bases known to occur in DNA) (6) and because
it can be detected using a variety of assays (7).

Ox08dG was initially identified by Kasai et al. (8) following
treatment of DNA with fenton-type reagents and y-irradiation
in vitro (9,10). The chemical agents 2-nitropropane, potassium
bromate and ciprofibrate, and 7y-irradiation, which generate
reactive oxygen species (ROS), have also been shown to
induce the formation of 0x08dG in vivo (10-12). Ox08dG is
believed to arise through metal-catalyzed oxidation reactions
involving metal ions such as iron or copper, both of which are
known to bind DNA because of its overall negative charge. For
example, the binding affinities of iron (III) and copper (II) for
DNA are reported to be 2.1 x 10 M and 2 x 10* M, respec-
tively (14). Because 0x08dG pairs preferentially with A rather
than C, its presence can generate a G—T transversion (15).
G—T transversions are frequently found in tumor relevant
genes and are among the most common mutations in the p53
gene (16).

Because levels of oxidative DNA damage are small (in the
nmole to fmole range per 30-50 ug DNA), it is difficult to
detect and quantify these lesions. Over the last 10 years much
of the progress in identifying different types of oxidative DNA
damage can be attributed to advances in the development of
sensitive analytical methods that detect modified nucleotides
(17), such as high performance liquid chromatography with
electrochemical detection (HPLC-EC) and gas chromato-
graphy-mass spectroscopy (GC-MS). Although GC-MS can
detect a large number of DNA lesions, the derivatization
procedure used to make the nucleosides volatile and stable at
high temperatures results in DNA oxidation (18). The HPLC-EC
system developed by Floyd (19) in 1986 allows the separation
of nucleosides under mild conditions and is a sensitive assay
that can detect compounds in the fmole range.

Although there has been much progress in the field of DNA
oxidation since the initial observation of the presence of oxida-
tive damage in the genome, significant controversies continue
in this area. One of the most troubling problems is the contra-
dictory values reported in the levels of various oxidative
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lesions present in the nuclear DNA (nDNA) and mitochondrial
DNA (mtDNA). For example, 0x08dG levels measured in
nDNA from various cells and tissues have shown an almost
5000-fold difference and 0x08dG levels in mtDNA have
shown a staggering 60 000-fold variation (1). Such variation
has raised important questions concerning the accuracy of
various assays used to measure in vivo DNA oxidation levels,
e.g. by measuring 0xo8dG. During the past 5 years, it has
become apparent that a significant amount of DNA oxidation
can occur during DNA isolation or preparation of the sample
for the assay. For example, 0xo8dG levels obtained by GC-MS
are considerably higher than levels of 0xo8dG obtained using
HPLC-EC (18). A report by Claycamp (20) also showed that a
significant amount of oxidative damage can occur during the
isolation of the DNA, especially in the presence of phenol.
Phenol, which is a known reducing agent, is believed to reduce
metal ions (e.g. iron) present in biological extracts. After
reduction, these ions can enter the Haber—Wiess/Fenton reac-
tion and generate hydroxyl free radicals, which can oxidize the
DNA (21). Because various tissues as well as DNA contain
relatively high amounts of iron (2-5 nmol/mg protein), this
reaction could be very important in generating oxidative
damage during DNA isolation (22). In 1995, Nakae et al. (23)
reported very low oxo8dG levels in nDNA isolated from liver
by a method using sodium iodide (Nal). In this method, Nal, a
chaotropic salt, was used to precipitate protein from DNA
rather than using an organic solvent, such as phenol (24). In a
recent study, Helbock etr al. (25) compared levels of DNA
oxidation generated by several different DNA isolation
methods. When using the Nal method, these investigators
found that 0x08dG levels were one-tenth the levels obtained by
the other methods studied, including the classic phenol
method.

In the present study, we conducted a comprehensive investi-
gation comparing levels of 0x08dG in DNA isolated using the
classic phenol method with the newly developed Nal method.
We found that the Nal method minimized, if not eliminated,
the oxidative damage to DNA that occurs during isolation and
that the Nal method was more sensitive than the phenol
method. Using the Nal method to isolate mtDNA and nDNA
from mouse tissues, we found that the levels of 0xo8dG were
6—23-fold higher in mtDNA compared to nDNA.

MATERIALS AND METHODS

Animals

In most of the experiments, tissues from 4—8-month-old male
C57BL/6 mice (Jackson Laboratory, Bar Harbor, ME) fed an
ad libitum a NIH-31 diet, were used. The mice were euthanized
by cervical dislocation and the liver, brain and heart were
immediately removed and frozen in liquid nitrogen. The
tissues were stored at —80°C and analyzed within 30 days of
collection. No difference was observed in the level of 0xo8dG
after the tissues were stored at —80°C as compared to freshly
isolated tissues. In one experiment, we also used tissues
collected from 4—6-month-old male F344 rats and C57BL/6
X DBA2 F, hybrid (B6D2F1) mice, 2-5-year-old parakeets
(budgerigar: Melopsittacus undulatus) and benign prostate
samples from human subjects (60-78 years of age) undergoing
radical prostatectomy. Histological confirmation of the presence

or absence of tumors in a particular portion of tissue was
established by examination of hematoxylin and eosin stained
cryosections of each portion of tissue. The procedures for
handling the rodents and parakeets were approved by the Insti-
tutional Animal Care and Use Committees of the University of
Texas Health Science Center at San Antonio and the University
of Idaho. The prostate tissues were obtained from an Institu-
tional Review Board-approved tissue bank housed in the
Department of Pathology at The University of Texas Health
Science Center at San Antonio that houses both tumor and
normal tissues retrieved from radical prostatectomies
performed at either the University Hospital or the Audie
Murphy VA Hospital.

v-Irradiation of mice

Mice were exposed to whole-body y-irradiation (0.5-50 Gy)
using a '¥’Cs GammaCell-40 Irradiator (Atomic Energy of
Canada, Mississauga, Ontario, Canada) that produced
136 cGy/min. Mice were either euthanized immediately after
the irradiation or at various times (0—90 min) after the irradia-
tion to follow the removal of 0x08dG from the DNA. The tissues
were collected and immediately frozen in liquid nitrogen. The
procedures for irradiating the mice were approved by the Insti-
tutional Animal Care and Use Committees of the University of
Texas Health Science Center at San Antonio.

DNA isolation and hydrolysis

nDNA was isolated from liver using two different methods: the
phenol method and the Nal method. The classic phenol method
used was similar to that originally described by Gupta (26)
with the following modifications. Liver tissue (50-100 mg)
was homogenized in MSHE buffer (0.21 M mannitol, 0.07 M
sucrose, S mM HEPES pH 7.4, 10 mM EDTA, 0.1% butylated
hydroxytoluene) using a Dounce homogenizer. Nuclei were
collected by centrifuging the homogenate at 1000 g for 15 min.
The nuclear pellet was washed three times with ice-cold
MSHE buffer and once with 0.15 M Tris/1 mM EDTA. Nuclei
were resuspended in lysis buffer (10 mM Tris—HCI pH 8.0,
1 mM EDTA, 0.5% SDS, 20 ug/ml RNase) and incubated at
37°C for 45 min. Samples were then treated with 200 pg/ml
proteinase K and incubated at 50°C for 1 h. After three extrac-
tions with phenol/chloroform and two extractions with chloro-
form—isoamyl alcohol, DNA was precipitated with ice-cold
isopropyl alcohol and suspended in TE buffer (10 mM Tris pH
7.5, 1 mM EDTA). DNA concentrations were determined by
measuring the absorbance at 260 nm (27).

nDNA was also isolated by the Nal extraction technique
using the DNA Extractor WB Kit (Wako Chemicals USA, Inc.,
Richmond, VA). The liver and brain were homogenized in a
Dounce homogenizer in ice-cold lysis solution and the heart
was homogenized in a ground glass homogenizer in ice-cold
lysis solution. The human prostate tissue was first pulverized
in liquid nitrogen and then homogenized in a Dounce homo-
genizer in ice-cold lysis solution. The homogenates were then
centrifuged at 10 000 g for 20 s and the nuclear pellets resus-
pended in enzyme reaction solution and 10 pg/ml proteinase K.
The resulting solution was incubated at 50°C for 20 min.
RNase cocktail (Ambion, Austin, TX) was then added to a final
concentration of 20 pg/ml and the resulting solution incubated at
50°C for a further 10 min. Samples were then centrifuged at
10 000 g for 5 min at room temperature. The supernatant was
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Figure 1. Characterization of nDNA and mtDNA isolated from liver and brain.
nDNA and mtDNA isolated from liver and brain by the Nal method were used
as PCR templates for primers to the NADH dehydrogenase gene (found in the
mtDNA) and the lipoprotein lipase gene (found in the nDNA). A 1400 bp
product was generated with mtDNA using primers for the NADH dehydro-
genase gene, and a 500 bp product was generated with nDNA using primers for
the lipoprotein lipase gene. A 1 kb DNA Ladder (Gibco/BRL, Santa Fe, NM)
is shown as a standard.

collected and mixed with Nal solution. DNA was precipitated
by ice-cold isopropyl alcohol and resuspended in TE buffer.
The DNA concentrations were determined by measuring the
absorbance at 260 nm (27).

mtDNA was isolated by Nal extraction using the mtDNA
Extractor CT Kit (Wako Chemicals USA, Inc.). All steps,
except the incubation periods with enzymes, were performed at
4°C. Briefly, tissue was obtained from livers, brains or hearts
pooled from 5, 8 or 11 mice, respectively. The liver and brain
were homogenized in a Dounce homogenizer, while the heart
was homogenized in a ground glass homogenizer in ice-cold
homogenizing buffer. The homogenate was centrifuged at
1000 g for 1 min. The supernatant was collected and centri-
fuged at 10 000 g for 10 min. The pellet, which contained mito-
chondria, was treated with the appropriate extractor kit
solutions and mtDNA was precipitated with ice-cold isopropyl
alcohol. The DNA was resuspended in TE buffer and the DNA
concentrations were determined by measuring the absorbance
at 260 nm (27).

The purity of the nDNA and mtDNA isolated using the DNA
Extractor WB Kit or mtDNA Extractor CT Kit was determined
by measuring the presence of the lipoprotein lipase gene,
which is coded by nDNA, and the NADH dehydrogenase gene,
which is coded by mtDNA, in the DNA preparations. As
shown in Figure 1, the lipoprotein lipase gene, which was
identified as a 550 bp product, was detected only in nDNA
from brain and liver. In addition, the data in Figure 1 show that
the NADH dehydrogenase gene, which was detected as a 1400 bp
product, was present in mtDNA isolated from brain and liver
tissues. The NADH dehydrogenase gene was not present in
nDNA from the brain and liver. The DNA was identified using
0.5 mg/ml ethidium bromide, which has a lower limit of detec-
tion of 1-10 ng of DNA (28). Thus, the data in Figure 1 show
no evidence of either nDNA contamination in the mtDNA
preparations or mtDNA contamination in the nDNA prepara-
tions isolated using the DNA Extractor Kits.
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nDNA and mtDNA were hydrolyzed as described by Kasai
et al. (29). DNA (30-75 ng) was digested with nuclease P1 at
65°C for 11 min. Following digestion, DNA was treated with
calf alkaline phosphatase in a Tris buffer (40 mM Tris—HCI pH
8.5, 10 mM MgCl,) for 60 min at 37°C. Samples were filtered
using a Microcon® microconcentrator-10 filtration system
(Amicon, Beverly, MA) for 45 min at 4°C. DNA (30-75 ug)
was analyzed by HPLC-EC.

Re-extraction of DNA with phenol or Nal

nDNA isolated from mouse liver by the Nal method was
re-extracted using either the Nal or phenol method in the
presence or absence of either iron (FeCl,), the post-nuclear
supernatant (PNS) or mitochondria extracts. The PNS was
obtained by centrifugation of the liver homogenate at 1 000 g
for 20 s and the mitochondrial extracts were obtained from liver
mitochondria isolated as described above. The mitochondria were
then treated with DNase (5 pl/ml) to digest the mtDNA and
then incubated at 75°C for 5 min to inactivate the DNase. The
original DNA (40 pg) was mixed with the following: 1 ml of
TE buffer with or without 1 mM FeCl,, 1 ml PNS (35 mg
protein/ml) containing no metal chelator or with | M EDTA or
1 mM deferoximine, or 1 ml of mitochondrial extract (19 mg
protein/ml). The DNA was then re-extracted using either the
Nal or phenol methods under air or nitrogen (N,).

Measurement of oxo8dG

0x08dG and 2-deoxyguanosine (2dG) were resolved by HPLC
and quantified by electrochemical detection as described by
Floyd et al. (30). A CoulArray® electrochemical detection
system (ESA Model 5500/5600; ESA, Inc., Chelmsford, MA)
was employed using a 3 uM, 150 x 4.6 C-18 column (YMC,
Wilmington, NC). The nucleosides were eluted from the
column with an isocratic mobile phase consisting of 50 mM
sodium acetate pH 5.2, 5.0% methanol. The mobile phase was
filtered and degassed prior to application using a Sep-pak C-18
cartridge (Waters, Milford, MA) followed by filtration using a
0.02 uM nitrocellulose filter (Millipore, Bedford, MA) and
sonication for 30 min. Two coulometric cells (Model 6210-
Four Channel; ESA) were placed in series and were set to the
following potentials: 120, 175, 320, 400, 500, 575, 830 and 890.
The HPLC-EC system was calibrated with 500 fmol-1 nmol of
0x08dG and 5 nmol-10 umol of 2dG using authentic 0xo8dG
and 2dG standards (Sigma Chemical Co., St Louis, MO).
Figure 2 shows the typical chromatograms obtained for DNA
hydrolysates using a reverse-phase HPLC-EC system where
2dG had a retention time of 6.5 min and 0xo8dG had a retention
time of 8.7 min. The identity of 2dG and 0xo8dG on the chromato-
grams were determined by co-injection of standards. Standards
were run after every sixth sample for verification and the data
were expressed as the ratio of nmoles of 0x08dG to 10° nmoles
of 2dG.

RESULTS AND DISCUSSION

Comparison of phenol and Nal methods

The data in Table 1 compare nDNA isolated from mouse liver
by the phenol and Nal methods. The recovery and purity of
DNA isolated from liver were similar for the two methods;
however, the level of 0x08dG in nDNA isolated by the phenol
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Table 1. Comparison of nDNA isolated from mouse liver by the phenol and Nal methods

ng DNA/g tissue 260/280 ratio 0x08dG/10°dG

Nal Phenol Nal Phenol Nal Phenol
488 350 1.89 1.85 0.033 3.623
316 290 1.92 1.83 0.039 2.822
387 434 1.93 1.86 0.031 3.475
465 368 1.89 1.88 0.038 3.019
269 482 1.90 1.91 0.030 3.248
366 302 1.85 1.81 0.040 2.681
378 322 1.86 1.87 0.033 3.644
434 500 1.86 1.83 0.029 3.308
510 494 1.88 1.78 0.035 2.779
297 280 1.86 1.80 0.038 3.700
391 +£82 382+ 88 1.88 £0.02 1.84 £0.02 0.035 £0.007 3.230 £ 0.069*

Liver tissue from 10 different mice was divided in half and nDNA was isolated from one half by the Nal method and from the other half by the phenol method.
The nDNA was then hydrolyzed and analyzed using HPLC-EC as described in Materials and Methods. The data for each liver sample is given as well as the mean

+ SEM for the 10 animals.

aThis value is significantly (P < 0.001) greater than the value obtained by the Nal method as determined by the Student’s #-test.
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Figure 2. Analysis of DNA hydrolysates by HPLC-EC. nDNA (50 pg) isolated
from liver by the Nal method was analyzed. (A) The retention time of 2dG was
~6.5 min with potential settings across three channels of 550, 650 and 750 mV.
(B) The retention time for 0xo8dG was ~8.7 min with potential settings across
three channels of 250, 350 and 450 mV. The peaks for 2dG and 0xo8dG were
identified based on the co-injection of authentic standards as described in
Materials and Methods.

method was 90-fold greater than that obtained by the Nal
method. We also measured the percent co-efficience of variance
for the ratio of 0x08dG/dG obtained by the two methods as a

gauge of the reproducibility of the methods as described by
Wood et al. (31). The percent co-efficience of variance (10 and
12 for the Nal and phenol methods, respectively) was not
statistically significant for the two methods. The values we
obtained for the 0x08dG/105dG ratio for nDNA (0.035 + 0.007)
isolated by the Nal method are similar to or lower than the
values reported in the three previous studies that used Nal to
isolate DNA. For example, Nakae et al. (23), Helbock et al.
(25) and Beckman et al. (32) reported 0x08dG/103dG ratios of
0.3, 0.04 and 0.04, respectively, for nDNA isolated from rat
liver using the Nal method.

The data in Table 1 are consistent with the view that less
DNA oxidation occurs during isolation by the Nal method
compared to the commonly used phenol method. To study
more directly the amount of oxidative damage that occurs to
DNA during isolation, we measured the levels of oxo8dG
generated in DNA when an original DNA sample, which
contained a known amount of 0xo8dG, was re-extracted using
either Nal or phenol. The data in Table 2 show that when the
DNA was re-extracted from the TE buffer, there was no statis-
tically significant increase in the level of 0xo8dG in the
re-extracted DNA compared to the original sample using either
the Nal or phenol method. However, if we added ferrous ions
to the buffer, the level of 0xo8dG in the DNA isolated by the
phenol method was 20-fold higher than the original DNA.
When the DNA was isolated under nitrogen, the level of DNA
oxidation was reduced by ~30%. In contrast, no significant
increase in oxidative damage to the DNA was observed when
the DNA was isolated by the Nal method from the ferrous ion-
containing solutions either in the presence or absence of
nitrogen.

To carry out the re-extractions under conditions comparable
to those used with biological samples, we added the original
DNA to solutions containing either the PNS or mitochondrial
extracts isolated from mouse liver. When phenol was used to



Nucleic Acids Research, 2001, Vol. 29, No. 10 2121

Table 2. Induction of DNA oxidation by re-extraction with phenol or Nal 0x08dG/10°dG ratio

0x08dG/10°dG ratio
Nal Phenol

Original DNA 0.037 + 0.004 not done

DNA re-extraction(s):

TE buffer Control 0.030 £ 0.008 0.042 £ 0.007
+Fe(Il) 0.036 £ 0.0072 0.668 + 0.060°
+Fe(Il) + N, 0.034 £ 0.006* 0.384 + 0.047b¢

PNS -EDTA 0.041 £ 0.009? 0.496 + 0.046°
+EDTA 0.040 £ 0.005? 0.371+0.021°
+Deferoximine 0.032 £ 0.007* 0.310 £ 0.055%4

Mitochondrial extract +EDTA 0.045 £ 0.007° 3.94 £0.289"

The DNA was hydrolyzed and analyzed as described in Materials and Methods. The values for the original DNA
represent the mean = SEM for four separate HPLC analyses. For the re-extraction data, the values represent the
mean + SEM of four separate re-extractions. The data were statistically analyzed using a three-factor ANOVA.

*The values for the Nal re-extractions were significantly lower at the P < 0.001 level than the phenol re-extractions

values.

"The values for the re-extractions were significantly higher at the P < 0.05 level than the original DNA values.
“The value obtained in the presence of N, was significantly higher at the P < 0.05 level than the value obtained in

air.

9The value obtained in the presence of deferoximine was significantly lower at the P < 0.05 level than the values

obtained in the presence or absence of EDTA.

re-extract the DNA from solutions containing PNS, we
observed more than a 10-fold increase in the level of 0xo8dG
in the re-extracted DNA compared to the original DNA. These
data demonstrate that substantial DNA oxidation occurs during
isolation when using phenol in the presence of biological
extracts. In contrast to the phenol method, the Nal method did
not show a significant increase in the levels of 0x08dG in the
DNA re-extracted from solutions containing PNS. In other
words, no detectable DNA oxidation was observed when DNA
was isolated by the Nal method. Because DNA oxidation is
believed to occur primarily through metal catalyzed oxidation—
reduction reactions, which involve metal ions such as iron and/
or copper, we also measured the levels of 0x08dG in re-
extracted DNA when metal chelators were added to the solu-
tions containing the PNS. Such chelators include EDTA,
which is normally added to solutions used to isolate DNA and
deferoximine, which has a high affinity (K, = 1 x 10%) for iron
(14). The data in Table 2 show that the addition of either
EDTA or deferoximine to the PNS-containing solutions signif-
icantly reduced the levels of 0x08dG when phenol was used to
re-extract the DNA; and the reduction was greatest (>35%) for
deferoximine. However, when DNA was re-extracted by the
Nal method, the level of 0x08dG in the re-extracted DNA was
not significantly altered by the addition of either EDTA or
deferoximine.

We also measured the level of DNA oxidation that occurred
during DNA isolation in the presence of mitochondria extracts
from liver. As shown in Table 2, a dramatic increase occurred
in the level of 0x08dG when DNA was isolated in the presence
of the mitochondrial extracts by the phenol method. The level
of 0x08dG in the isolated DNA was 100-fold higher than that
found in the original DNA and was 10-fold greater than that
found in DNA when isolated in the presence of the PNS.
Therefore, there are some components in the mitochondria

extracts that generate a great deal of oxidative damage to DNA
during the isolation procedure in the presence of phenol. The
most likely components responsible for the increased oxidative
damage are the iron-containing heme proteins and iron—sulfur
clusters, which are highly concentrated in the mitochondria.
Thus, these mitochondrial components might be at least
partially responsible for the high levels of oxidative damage
reported for mtDNA isolated by the phenol method (33). In
contrast to the phenol method, DNA isolated in the presence of
mitochondria extracts by the Nal method showed no signifi-
cant increase in 0xo8dG levels.

The data in Table 2 demonstrate that no detectable DNA
oxidation (measured as 0xo8dG) was observed when DNA
was isolated using the Nal method. In contrast, we found a
considerable amount of DNA oxidation can occur during the
isolation procedure using phenol. In fact, when DNA was
isolated from solutions containing the PNS or mitochondria
extracts by the phenol method, 90-99% of the 0xo8dG content
in the DNA arose during isolation. In addition, the data in Table
2 clearly demonstrate that changes in the type of biological
extract, e.g. PNS versus mitochondria, can significantly affect
the amount of oxidative damage that occurs during the isola-
tion process using the phenol method. Thus, the Nal method
was shown to not only minimize, if not eliminate, oxidative
damage to DNA during the isolation process, but also to elim-
inate the variation in DNA oxidation during isolation that
could arise when different cellular extracts are used.

It is possible that the low levels of 0xo8dG obtained by the
Nal method arise from the loss of 0xo8dG because the
N-glycosidic bond is sensitive to hydrolysis in the presence of
Nal, leading to an under-estimation of the 0xo8dG levels in the
DNA. Previous studies have found no evidence that an under-
estimation of 0xo8dG occurs when DNA is isolated by the Nal
method. For example, Nakae et al. (23) and Helbock et al. (25)
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Figure 3. Effect of whole-body y-irradiation on the ratio of 0x08dG/10°dG in
nDNA from mouse liver. Mice were exposed to acute whole-body ?y-irradiation
at doses of 0-50 Gy. Following irradiation, the mice were immediately killed
and the liver divided in half. nDNA was isolated from the two halves of the
liver using either the phenol or Nal method. Each value is expressed as a mean
+ SEM of data from six mice. The data were analyzed statistically using a one-
way ANOVA with a Dunnett’s test and the values shown by the asterisks are
significantly higher than the control values (no y-irradiation).

showed that substituting sodium acetate for Nal gave the same
values for 0x08dG levels. The data in Table 2 also support the
premise that Nal does not result in an under-estimation of
0x08dG levels in DNA. For example, we observed no signifi-
cant decrease in 0xo8dG levels in DNA after re-extraction
using Nal. In addition, we have re-extracted DNA by the Nal
method that had initially been isolated by the phenol method,
i.e. this DNA contained high levels of 0xo8dG. The levels of
oxo8dG in the re-extracted DNA were the same as that
observed in the original DNA (e.g. 3.03 + 0.07 0x08dG/10°dG
versus 2.98 + 0.06 0xo8dG/10°dG). Thus, there is no evidence
that the Nal method of DNA isolation results in an under-
estimation of 0xo8dG in DNA samples.

Induction of DNA oxidation by y-irradiation

We compared the sensitivity of the two DNA isolation
methods for the detection of 0x08dG in vivo by measuring the
induction of 0xo8dG in nDNA after exposing mice to various
doses of y-irradiation. The data in Figure 3 show that a significant
increase in the level of 0x08dG in nDNA from liver was
observed only at a dose of 50 Gy when phenol was used to
isolate the DNA. It should be noted that the LD50 for y-irradiation
of mice is reported to be between 8 and 10 Gy (34), which is
one-fifth of the dose required to see a significant increase in
DNA oxidation using the phenol method to isolate DNA. In
contrast, a significant increase (10-fold) in o0xo8dG was
observed at a dose of 2 Gy when Nal was used to isolate DNA
(Fig. 3). We also observed a significant increase in 0xo8dG
levels after 2 Gy of irradiation for nDNA isolated from brain
(12-fold, n = 7) and kidney (15-fold, n = 7) by the Nal method.
The data in Figure 3 clearly demonstrate that DNA oxidation
can be detected at much lower doses of y-irradiation when
DNA is isolated by the Nal method. This observation is impor-
tant because low doses of y-irradiation (3—6 Gy) have been
shown to alter the expression of a variety of genes, such as
GADDA45, in human skin fibroblasts (35). In addition, muta-
tions and nDNA strand breaks are detected at doses of 1-2 Gy
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Figure 4. Time course for the removal of 0x08dG from the nDNA of liver tis-
sue following acute whole-body y-irradiation. Mice were exposed to 2 Gy of
whole-body y-irradiation and euthanized at 0, 2, 5, 20, 45 and 90 min after
irradiation. The nDNA was isolated from the liver using the Nal method. The
ratio of 0x08dG/10°dG represents the mean + SEM of data collected from six
mice. The data were statistically analyzed using a one-way ANOVA and the
values shown by the asterisks are significantly higher (P < 0.05) than the
control value (no y-irradiation).

(36,37). Thus, using the Nal method, we were able to detect
alterations in DNA oxidation at levels of y-irradiation that are
potentially important physiologically.

We also measured the ability of the liver to remove 0xo8dG
from nDNA after exposure to 2 Gy using the Nal isolation
method. The data in Figure 4 show that the disappearance of
0x08dG from nDNA in the livers of mice in vivo is very rapid,
with a half-life of 11 min. The levels of 0x08dG returned to
endogenous levels (0.031 + 0.004) within 45 min. These data
are consistent with the report by Zastawny et al. (38) in which
0x08dG levels in rat liver nDNA were shown to return to
endogenous levels 1 h after y-irradiation. Kasai et al. (29) also
reported that the levels of 0xo8dG in mouse liver decreased
~50% 90 min after y-irradiation; however, the levels of
0x08dG had not yet returned to endogenous levels at this time.
Using GC-MS, Jaruga and Dizdaroglu (39) reported that the
half-life for the removal of 0x08dG in human lymphoblast
cells was 55.2 min. Thus, the 0x08dG lesion represents oxida-
tive damage that is rapidly repaired.

Comparison of 0x08dG levels in nDNA and mtDNA in
tissues of various animals

Using the Nal method, we measured the levels of 0xo8dG in
nDNA from various tissues of several animal models to deter-
mine if the levels of 0x08dG varied significantly both between
tissues and between animal models. The data in Table 3 give
the levels of 0x08dG in nDNA isolated from liver, brain and
heart from mice, rats and parakeets, as well as nDNA isolated
from human prostate tissue. The levels of 0xo8dG in nDNA
from the liver, brain and heart of B6D2F1 mice and F344 rats
were identical to those obtained from the same tissues of
C57BL/6 mice (Table 4). However, we observed that the level
of oxidative damage in nDNA varied significantly from tissue
to tissue in rodents. For example, the level of 0xo8dG in nDNA
from liver was 2-3-fold higher than that found in nDNA from
either brain or heart.

We also measured the levels of 0xo8dG in liver, brain and
heart of parakeets because birds live about three times as long
as similar sized mammals, despite having as high, or
frequently higher, basal metabolic rates and higher body
temperatures (40). Given their greater longevity and assuming
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Table 4. Comparison of 0x08dG levels in nDNA and mtDNA isolated from
liver, brain and heart tissues of C57BL/6 mice by the Nal method

Tissue/species 0x08dG/10%dG ratio®
Liver
Mouse (B6D2F1) 0.035 +£0.003*
Rat (F344) 0.033 £0.005*
Parakeet (Budgerigar) 0.036 £0.007*
Brain
Mouse (B6D2F1) 0.012 £0.003**
Rat (F344) 0.012 £0.003**
Parakeet (Budgerigar) 0.076 £ 0.005*
Heart
Mouse (B6D2F1) 0.012 £0.004**
Rat (F344) 0.010 +£0.002**
Parakeet (Budgerigar) 0.069 £ 0.006*
Prostate
Human 0.064 £ 0.004*

Each value represents the mean * the SEM. The values for tissues from
rodents and birds were obtained from five to seven animals. The value for
human prostate tissue was obtained from eight patients.

2Values with different superscripts are significantly different at the P < 0.05
level.

that longevity correlates with the ability to resist oxidative
stress, one might expect that birds would have reduced steady-
state levels of oxidative damage in the face of greater endogenous
oxidative stress than similar-sized mammals. Using the
phenol/chlorofom extraction method, Herrero and Barja (41)
reported that DNA isolated from parakeet hearts contained less
0x08dG than mouse heart and that brain DNA from parakeets
and mice exhibited similar levels of 0xo8dG. The data in Table 3
show that the level of 0x08dG in nDNA isolated from the
livers of parakeets was similar to that observed for rats and
mice. However, in contrast to rodents, we observed that the
levels of 0x08dG in brain and heart tissue of the parakeets was
much higher (~2-fold) than in liver tissue. In contrast to the
report by Herrero and Barja (41), we observed that the level of
0x08dG in nDNA from the brain and heart of the parakeets was
~6-fold higher than the levels of 0x08dG observed in nDNA
from the brain and heart of rodents. Therefore, our data suggest
that the brain and heart of parakeets are under higher steady-
state levels of oxidative stress than the same organs of rodents.

We also measured the level of 0x08dG in nDNA isolated
from prostate tissue from human subjects. The level of 0x08dG
in the human prostate tissue was higher than that observed in
tissues from the rodents and similar to the levels of 0x08dG
observed in the brain and heart of parakeets (Table 3). Because
of the limited data available at the present time, we are unable
to determine whether the relatively high levels of oxidative
damage in nDNA from human prostate tissue is due to species
or tissue differences or because the prostate tissue was
obtained from relatively old individuals (60-78 years of age)
while the rodents and parakeets studied were relatively young
(4—6-month-old rodents, which have a mean survival of 24-28
months and 2-5-year-old parakeets, which have a mean

0x08dG/10°dG ratio mtDNA/nD

nDNA® mtDNA®?
Liver 0.034 0.193 5.7

0.032 0.186 6.2

0.030 0.201 6.3

0.032 +0.002* 0.194 + 0.050* 6.1+0.42
Brain 0.019 0.366 19

0.015 0.349 23

0.012 0.312 26

0.015 £ 0.003 0.342 £ 0.080 23+ 1P
Heart 0.022 0.303 14

0.020 0.336 17

0.019 0.332 18

0.020 + 0.004 0.324 +0.095 161

For the liver, three groups of animals were studied with five animals per
group. For brain and heart, three groups of animals were studied with eight
animals per group. A small piece from each tissue was obtained to isolate the
nDNA while the remaining liver, brain or heart tissue was pooled to isolate
the mtDNA. The 0x08dG/10°dG ratios for the nDNA were obtained by aver-
aging the values obtained from each of the animals in each of the three groups.
Data for nDNA and mtDNA are expressed as the mean + SEM for the three
groups of animals. The values for mtDNA for all three tissues were statisti-
cally different (P < 0.001) from nDNA.

*The values for liver were significantly different (P < 0.05) from either brain
or heart as determined by the paired Student’s #-test.

"The value for brain was significantly different (P < 0.05) from either liver or
heart as determined by the paired Student’s #-test.

survival of 10-15 years). Several reports indicate that the level
of 0x08dG in DNA increases with age (24,42—45). However,
as the data in Table 3 clearly demonstrate, one must be
cautious in extending data obtained on the level of nDNA
oxidation obtained from one tissue or species to other tissues or
species. Our data suggest that the 0xo8dG levels vary signifi-
cantly from tissue to tissue and from species to species.

We were also interested in comparing the levels of 0xo8dG
in nDNA and mtDNA using the Nal isolation method because
of the current controversy over whether oxidative damage is
greater in mtDNA than in nDNA. The initial study by Richter
et al. (33) reported that the levels of 0x08dG were 16-fold
higher in mtDNA from the livers of rats compared to those
found in nDNA. Subsequently, many investigators have
reported higher levels of 0xo8dG in mtDNA than in nDNA
when the DNA was isolated using phenol (46—49). However,
Higuchi and Linn (50) reported that the levels of oxo8dG
measured in mtDNA isolated using cesium chloride density
gradient centrifugation were not only lower than those reported
initially by Richter er al. (33) for mtDNA but also were lower
than was reported by these investigators for nDNA. This report
brought into question the prevailing view that the level of
oxidative damage was higher in mtDNA than in nDNA.
Recently, Anson et al. (49) also concluded that endogenous
oxidative damage to mtDNA had been overestimated when
they used an Fpg/Endolll/Southern blot assay to measure the
levels of oxidative damage in mtDNA from rat liver. Because
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we observed a 100-fold increase in 0x08dG in DNA when it
was extracted from solutions containing mitochondria extracts
using the phenol method (Table 2), our data would suggest that
it is possible that the previous reports showing increased levels
of 0x08dG in mtDNA compared to nDNA might be attributed
to an artifact from increased oxidative damage to mtDNA
during the isolation procedure. Therefore, we measured
0x08dG levels in mtDNA isolated from liver, heart and brain
using the Nal isolation method to minimize/eliminate oxida-
tive damage to mtDNA during the isolation procedure. These
data are presented in Table 4 and are the first showing oxo8dG
levels in mtDNA that were measured using Nal to isolate
mtDNA. In these experiments, we pooled mitochondria from
several animals to isolate the mtDNA so that the amounts of
DNA processed during the isolation procedure and the analysis
were identical for both the nDNA and mtDNA preparations.
We did this to increase the yield of mtDNA because Beckman
and Ames (51) reported a systematic artifact, namely that low
quantities of DNA were associated with an apparent elevated
level of 0x08dG lesions in mtDNA. The 0x08dG/10°dG ratio
that we obtained for the mtDNA ranged from 0.19 for liver to
0.34 for brain. Originally, Richter et al. (33) reported an
0x08dG/10°dG ratio of 53 for mtDNA isolated from rat liver
using the phenol method. More recently, Anson et al. (49)
reported a 0x08dG/10°dG ratio of 2.3 for mtDNA from crude
homogenates of rat liver and a ratio of 8.1 for mtDNA isolated
from rat liver mitochondria by the phenol method. Thus, the
levels of 0x08dG we observed when mtDNA was isolated by
the Nal method were much lower than values previously
reported. However, the data in Table 4 show that the levels of
0x08dG in mtDNA isolated by Nal were significantly higher
than the levels of 0x08dG in nDNA for all three tissues studied.
Thus, our data, in which Nal was used to minimize oxidative
damage to DNA during isolation, show that the steady-state
levels of oxidative damage in mtDNA are significantly higher
than those found in nDNA.

The data in Table 4 also show that the level of oxidative
damage in mtDNA varies significantly from tissue to tissue.
For example, the level of 0x08dG in mtDNA from liver was
40-50% less than that found in mtDNA isolated from either
brain or heart. The tissue differences in the levels of oxidative
damage in both mtDNA and nDNA result in dramatic differ-
ences in the mtDNA/nDNA ratio of 0xo8dG in the three
tissues. For example, in liver, the level of 0x08dG in mtDNA
was 6-fold higher than in nDNA. This is less than half the
value of 16-fold originally reported by Richter et al. (33).
However, the levels of 0xo8dG in mtDNA from brain and
heart were 23- and 16-fold higher, respectively, than nDNA
levels. Higher levels of oxidative damage in mtDNA are gener-
ally assumed to arise from mtDNA being present in an envi-
ronment where it is exposed to high levels of ROS, mtDNA
having less protein (e.g. histones) associated with it and the
reduced ability of mitochondria to repair DNA compared to the
nucleus (1,52,53).

Our data show that major differences occur between tissues.
The ratio of mtDNA/nDNA oxidative damage was ~3- to 4-
fold higher for heart and brain than for liver. The most likely
explanation for the higher levels of oxidative damage in
mtDNA from brain and heart is the higher metabolic activity of
these tissues compared to liver. For example, Abete ef al. (54)
showed that brain and heart use more oxygen and produce ATP

at a faster rate than liver. In addition, Rolfe et al. (55) reported
that proton leak, which is a significant contributor to resting
metabolic rates in mammals, was greater in mitochondria from
heart and brain than liver. A greater proton leak is believed to
be correlated to the enhanced metabolic rate of brain and heart.
In addition, Rolfe et al. (55) reported tissue differences in the
efficiency of energy production. They observed that the liver
was more thermodynamically efficient while the heart and the
brain utilize more oxygen and produce ATP at a faster rate than
the liver. In other words, liver mitochondria are designed for
the economic production of ATP for use in cellular processes
while brain and heart mitochondria are designed for the
maximal production of ATP.

Based on their data, in which nDNA and mtDNA were
isolated from liver by the phenol method, Richter et al. (33)
estimated that nDNA contained ~3.2 0x08dG lesions for every
10° bases and that mtDNA contained one 0x08dG lesion for
every 400 bases. In other words, the 16.5 kb mitochondrial
genome would carry a steady-state burden of as many as 80
0x08dG lesions. These estimates now appear to be a gross
overestimation of the steady-state levels of 0xo8dG lesions in
both nDNA and mtDNA from rodent tissue because of the
extensive amount of DNA oxidation that occurs during DNA
isolation using the phenol method. Based on the values of
0x08dG we have measured in nDNA and mtDNA from mouse
tissues and assuming a GC content of 40% for nDNA and 37%
for mtDNA from mice (56), we estimate that the steady-state
levels of 0x08dG lesions range from 3 per 108 bases for nDNA
from brain to 6 per 108 bases for liver. In other words, the
mouse nuclear genome, which contains ~3 x 10° bp per haploid
genome (57), would contain a steady-state level of 180-360
0x08dG lesions in brain and liver, respectively. For mtDNA,
we estimate that the steady-state levels of 0x08dG range from
4 to 7 per 107 bases for liver and brain, respectively. Assuming
that the mouse genome contains 33 kb (49), this would mean
that steady state levels of 1-2 0xo8dG lesions would be found
in every 100 mitochondrial genomes.

We also calculated the de novo formation of 0xo8dG from
the steady-state level of 0xo8dG and the half-life of 0x08dG
(11 min) that we measured in nDNA from mouse liver. We
estimate that the nuclear genome (diploid) of a liver cell in
C57BL/6 mice would be exposed to >47 000 oxo8dG lesions
in a 24 h period. Because 0xo8dG makes up ~5% of all oxida-
tive lesions (25), it would appear that a liver cell of a mouse
would be exposed to approximately one million oxidative
lesions in a day, assuming the generation and removal of all the
oxidative lesions occur at similar rates as 0xo8dG. Based on a
density of 1.2 x 108 cells/g mouse liver (58), we estimate that
nDNA in the liver would be exposed to a total of 5-6 x 10'2
0x08dG lesions in a day. Over the life span of the mouse
(which is ~27 months) for C57BL/6 mice (59), this would
represent a total of ~4 X 1015 0x08dG lesions in nDNA in the
liver. This lifetime estimate of the number of 0xo8dG lesions
in nDNA of the liver is probably an underestimate because it
appears that the steady-state levels of 0xo8dG increase with
age in mouse liver (42,43,45). Thus, while our data show that
the steady-state levels of endogenous 0xo8dG were grossly
overestimated previously, the de novo formation of oxo8dG
lesions in the nuclear genome is still considerable, suggesting
that oxidative lesions in DNA that arise from normal cellular
metabolism are highly relevant.
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